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Introduction 47
Behavioural polymorphisms are a common feature of natural populations (Sih et al., 2004) . 48 In some cases intraspecific variation in behaviour may be inherently necessary due to 49 environmental changes, often corresponding with ontogenetic shifts (Slater, 1981) . However, 50 for many complex behaviours the full adaptive significance of such variation is not fully 51 understood. Despite this, recent studies have highlighted the underlying role of physiological 52 and genetic factors in driving divergent behaviour, particularly differences in animal 53 personality (Bell, 2007; Koolhaas et al., 1999; Korsten et al. 2010; Øverli et al., 2005) . One 54 fundamental personality trait is boldness. An individual's boldness is defined by its response 55 to a novel challenge, with these responses regarded as an indicator of the amount of risk an 56 animal is prepared to take in new circumstances (Koolhaas et al., 1999; Sih et al., 2004; 57 Sneddon, 2003 , van Oers et al., 2005 . As such, boldness can directly influence an 58 organism's fitness, with costs or benefits dependent upon the environmental context (Brown 59 et al., 2007) .
Fish were inspected twice daily and fed commercial pellets (Skretting, UK) at 1 % body 146 weight per day. After a period of at least 4 months to allow fish to acclimate, trout (HR: 147 n=44, 343.0±14.7 g; LR: n=33, 356.5±11.0 g) were selected at random from the stock tanks 148 and placed into individual glass tanks (90x50x45 cm) which were screened from visual 149 disturbance. All tanks were supplied with a constant flow of filtered freshwater in a semi- 150 open system maintained at 10±1 o C with aeration. The trout were left to acclimate for a 151 minimum of one week and fed daily. Experiments were conducted on fish that had resumed 152 feeding after this period. A custom-built low-light video camera was situated in front of the tank and a second camera 156 placed to the side of the tank. Measuring rulers (0.5 cm intervals) were arranged horizontally 157 and vertically along the front of the tank to measure proximity of the fish to the novel object. 158 The fish were allowed 10 minutes to acclimatise to the potential disturbance arising from 159 setting up the cameras. Behaviour of the fish without disturbance was then recorded for 10 160 minutes, before a novel object was added. The novel object test is a standard paradigm to 161 differentiate between bold and shy individuals (Wilson et al., 1993) . The novel object was 162 placed as near to the centre of the tank as possible, and the behaviour of the fish was recorded 163 for a further 10 minutes after which the object was carefully removed. This test was repeated 164 a week later to assess the level of consistency of behaviour displayed by the experimental 165 individuals. Novel objects were varied between trials to ensure the fish did not become 166 habituated to a familiar shape, and included an orange frustum-shaped bung (7.05 cm mean 167 diameter, 4.9 cm height) and a bipyramidal Duplo (R) construct (height 13.5 cm, and 168 maximum widths 7.6x6.3 cm) of black, red and blue bricks.
169
Scoring of the behaviour was accomplished using custom designed behavioural analysis 171 software. Three measurements each of three separate behaviours were initially scored based 172 on the activity levels of the subject and its proximity to the novel object (Table 1; see Frost et   173 al. , 2007) . Principal components analysis (Minitab ver.15.1) was subsequently used to 174 identify the key behaviours that differentiated bold fish from shy. Latency to approach within 175 5 cm (s) of the object was strongly represented in the first principle component 176 (eigenvalue=3.53, loading for 5 cm latency=-0.41) and could be solely used to differentiate 177 between bold and shy groups. This measure has previously been used to identify boldness in 178 fish (Coleman and Wilson, 1998; Frost et al., 2007) . Loadings for six of the measurements 179 were well represented in the first principal component, and two of these, frequency of 180 entering a 10 cm zone (min -1 ) centred on the object (loading=0.459) and duration (s) spent 181 passive (loading=-0.381), were selected for further analysis. Passive behaviour was defined to 182 exclude swimming (movement of the fish generated by propulsion using the fins, of no less 183 than approximately one body length) but include drifting, fish pivoting on their own axis, any 184 minor movements made to maintain position, and resting on the bottom of the tank.
186
Hormone analysis and quantification of gene expression 187 Subsequent to, and on the same day as, the final behavioural trial, approximately half of the 188 fish (n=34) were netted and exposed to air for 60 s to induce an acute physiological stress 189 response before being placed back into their tank (Pickering and Pottinger, 1989) . Fifteen 190 minutes after emersion, the trout were netted again before being killed humanely by 191 concussion. To obtain unstressed plasma cortisol concentrations, fish were killed by 192 concussion without this treatment. Individuals were killed at the same time each day to 193 ensure that interpretation of differences in hormone levels was not compromised by diel a 2 ml blood sample was taken from the caudal vessels using sterile 25 g needles and 196 heparinised 2ml syringes. The supernatant plasma was aspirated, divided into aliquots and 197 frozen at -20 o C. Plasma cortisol levels were determined by radioimmunoassay (Pottinger and 198 Carrick, 2001a).
200
Immediately following blood sampling, the whole brain was removed and stored at -80 o C 201 until RNA extraction, and fish were sexed. Total RNA was extracted from trout brain using 202 TRIzol® (Invitrogen Life Science, UK), with RNA eluted into 50 µl RNase-free water. RNA The candidate genes selected for this study were chosen for their roles in behaviours 210 associated with boldness, such as aggression, anxiety and memory, or for their association or 211 direct involvement with the stress response (Table 2 ). Furthermore, six of these genes, 
Results

248
In unstressed rainbow trout, (Fig. 1A ) plasma cortisol concentrations were significantly 249 greater in LR fish compared with the HR line (3.16 and 1.34 ng ml -1 respectively; W=47.0, 250 p<0.01, n 1 n 2 =23,13), with no significant difference between sexes (W=89.0, p=0.15, 251 n 1 n 2 =17,15). By contrast, after exposure to a stressor, HR trout had a greater plasma cortisol 252 response than did LR fish (67.42 ng ml -1 and 27.14 ng ml -1 respectively; W=158.0, p<0.01, 253 n 1 n 2 =27,7; Fig. 1B ), and while blood-cortisol concentrations were higher in female trout 254 (73.53 ng ml -1 ) than in males (46.36 ng ml -1 ), the response was highly variable so 255 insignificant (W=177.0, p=0.06, n 1 n 2 =17,15). Bonferroni treatment for multiple tests (W=135.0, p=0. 048, n1n2=13,4) .
281
Differences between the stress lines were evident in the relative expression levels of six 282 candidate genes: ependymin, calmodulin, MHCI, GABA A , vasotocin and RBP were 283 significantly upregulated in the brains of LR fish compared with HR fish (Table 4 ; Fig. 5B ).
284
Average fold change varied from an upregulation factor of 1.89 for AVT up to 5.92 for 285 MHCI. In contrast, expression of both POMC and Hbα4 were almost identical between the 286 lines. However, bold and shy fish, independent of selection line, did not significantly differ in 287 the expression levels of any of these genes, with the expression of most genes marked by 288 large variance due to pooling of samples within the stress lines ( Fig. 5A ). Boldness is a complex behavioural trait that has previously been associated with coping style 292 (Koolhaas et al., 2007) , and may thus be assumed to correlate with the magnitude of the 293 physiological stress response. In this study, bold and shy rainbow trout were identified within distinct stress-response lines of rainbow trout by measuring their behavioural response to 295 novelty: this is the first characterisation of both bold and shy phenotypes within these lines.
296
Whilst divergent plasma cortisol responses to a stressor were evident between the HR and LR 297 lines, consistent with earlier findings (summarised in Øverli et al., 2005) , no significant 298 relationship between boldness and stress responsiveness was found either between or within 299 lines. Although a slightly larger proportion of LR trout exhibited a bold phenotype than HR 300 trout this was not significant and no associated differences were observed in post-stress 301 plasma cortisol levels between bold and shy individuals independent of selection line.
302
Similarly, physiological divergence between the HR and LR lines was correlated with 303 differences in regulation of six candidate genes in the brain, but bold and shy fish did not 304 exhibit any dissimilarity in the regulation of these candidate genes. The consistent divergence in the HPI reactivity to stress between the two stress lines is in 319 accordance with earlier studies on these selected lines using confinement to induce a stress 320 response (Pottinger and Carrick, 1999; Schjolden et al. 2005) . However, the equally strong 321 divergence among some genes involved in the stress response has not previously been in inflammatory processes associated with immune responses (Flower, 1996) . Low stress-341 responding animals are often characterised as having improved health over those with a high 342 response, and a major issue associated with sustained elevation of cortisol is a reduction in immunocompetence and increased susceptibility to pathogens (Wendelaar Bonga, 1997).
344
Some aspect of divergent immunological parameters between low and high stress responders 345 thus appears to be controlled at the molecular level; divergence in gene expression, 346 particularly that of proinflammatory genes, has been identified between stress coping styles , 2001b) , and a similar process may operate here.
367
Physiology and boldness within the lines 369 The results suggest that the distribution of bold and shy individuals within each line was not 370 consistently influenced by the selection process despite evidence from earlier studies that the 371 two lines differ consistently in certain key behavioural traits (Pottinger & Carrick, 2001; 372 Øverli et al., 2005 , 2007 . Furthermore, within the HR line the existence of a behavioural The absence of a well-defined link between cortisol levels and boldness within the lines was 393 surprising given previously observed correlations between the magnitude of the stress 394 response and behaviour (Koolhaas et al., 1999; Øverli et al., 2005) . Both boldness and 395 shyness were represented within each selected line, and so the correlations between stress under review), no such divergence between bold and shy fish was uncovered in this study.
431
Gene expression may vary between discrete regions of the brain (Bernier et al., 1999; Feldker 432 et al., 2003; Larson et al., 2006) , and can relate directly to behavioural differentiation 433 (Greenwood et al., 2008) , and thus a single measurement encompassing all brain regions 434 could obscure more fine-scale differences in expression. Thus, whilst no difference in 435 expression of the studied genes was found across the entire brain, that is not to say that bold 436 and shy individuals express these genes in different localised areas of the brain: whilst 437 differential expression of these genes between the stress lines was profound, variation 438 amongst bold and shy groups may be more subtle. It is of course possible that the lines lack 439 genetic diversity, or that different genes may be involved in the expression of bold/shy 440 behaviour. However, the clear divergence in expression of some of the examined genes in a 441 previous study (LU Sneddon, MS under review) suggests the latter not to be the case, but does emphasise the complexity of bold and shy personalities in rainbow trout. Given that the 443 expression of boldness was independent of selection line, it is likely that the genetic control 444 of boldness may be unrelated to the controlling divergent elements of the selected stress 445 response.
447
Conclusions and Implications
448
The results of this study indicate a complex relationship between stress responsiveness and 449 behaviour in the HR and LR lines of rainbow trout. Stress responsiveness is a heritable trait 450 in trout (Pottinger and Carrick, 1999; Pottinger and Carrick, 2001a) 
Behaviour Definition and measures
Within 5cm
The subject was within a delineated zone extending to 5cm around the object. Three measurements were taken: 1) latency, the time (s) taken to enter this zone for the first time; 2) duration, the total time (s) spent within this zone; 3) frequency, how often the subject entered this zone.
Within 10cm
The subject was within a delineated zone extending to 10cm around the object. Three measurements were taken: 1) latency, the time (s) taken to enter this zone for the first time; 2) duration, the total time (s) spent within this zone; 3) frequency, how often the subject entered this zone.
Passive
Inactivity; includes drifting, minor movements to maintain position within the tank, pivoting on its own axis and resting on the bottom of the tank, but excludes swimming. Three measurements of passive behaviour were recorded: 1) latency, the time taken (s) to begin displaying passive behaviour; 2) duration, the total time the subject spent (s) displaying passive behaviour; 3) frequency, how often the subject displayed passive behaviour.
638 Table 2 : Genes (including abbreviations and known major functions) used in this study.
639
Italicised genes showed differential expression between bold and shy rainbow trout, frequency of approaching to within 10 cm of a novel object for bold and shy rainbow trout,
677
Oncorhynchus mykiss, within the HR (white; n for bold=15, n for shy=9) and LR (grey; n for 678 bold=13, n for shy=4) stress lines. Asterisks denote significant difference between groups 679 (Mann-Whitney test): **, p<0.01; ***, p<0.001. 
